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Abstract: This work primarily investigates the performance and structural integrity of the Wells
turbines for power production in coastal locations and their associated unmanned vehicles. An
innovative design procedure is imposed on the design stage of the Wells turbine and thus so seven dif-
ferent models are generated. In the first comprehensive investigation, these seven models underwent
computational hydrodynamic analysis using ANSYS Fluent 17.2 for various coastal working envi-
ronments such as hydro-fluid speeds of 0.34 m/s, 1.54 m/s, 12 m/s, and 23 m/s. After this primary
investigation, the best-performing Wells turbine model has been imposed as the second comprehen-
sive computational investigation for three unique design profiles. The imposed unique design profile
is capable of enhancing the hydro-power by 15.19%. Two detailed, comprehensive investigations sug-
gest the best Wells turbine for coastal location-based applications. Since the working environments
are complicated, additional advanced computational investigations are also implemented on the best
Wells turbine. The structural withstanding capability of this best Wells turbine model has been tested
through coupled computational hydro-structural analysis for various lightweight materials. This best
Wells turbine also enforces the vibrational failure factors such as modal and harmonic vibrational
analyses. Finally, advanced and validated coupled engineering approaches are proposed as good
methodology for coastal location-based hydropower applications.

Keywords: CFD; FEA; FSI; composite materials; hydro-energy; hybrid energy; forced and free
vibrations

1. Introduction

The Wells turbine is a type of turbine that was built specifically for the purpose
of harvesting energy from waves. The oscillating water column is the most common
application for this material. The Wells turbine, which was designed by Prof. Alan Arthur
Wells in Belfast and uses symmetrical blades, can convert the flow of air coming from
either direction into the same direction as the turbine’s spin. The angle of attack (o) is quite
high, despite the fact that its efficiency is somewhat poor. The symmetrical airfoils that
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are utilized in the construction of the Wells turbine blades are the root cause of the poorer
efficiency as well as the high angle of attack. The capability of the Wells turbine to self-
rectify the flow of incoming waves is one of the fundamental properties that distinguish it
from other types of turbines. Additionally, the Wells turbine is a type of turbine design that
has been developed expressly for use in wave energy converters. This design is both highly
effective and adaptable, making it an excellent choice for this type of application. Because
of its potential to work effectively in bidirectional flow and its ability to self-rectify under
a diverse set of wave conditions, it is an excellent option for the generation of electrical
power from ocean waves.

The turbine is able to function well despite shifts in either the direction or the magni-
tude of the waves. This is accomplished by the turbine by angling a set of curved blades in
such a way that a pressure difference is created between the top and bottom surfaces of
the blade as the wave travels over it. This pressure differential is what causes the blade to
rotate, and the rotation is what drives the generator that converts the rotation into usable
electrical power. High rotating speed and the ability to be directly connected with electrical
generators are the two aspects of the Wells turbine that are considered to be its most impor-
tant characteristics. It is expected that the Wells turbine will play an increasingly vital role
in the development of wave energy technology as the world continues its search for new
renewable energy sources.

Relevant Works

Wells turbines with automated multi-objective optimization have been designed.
Torque and pressure loss were improved with OPAL++. The highest torque (G1) and the
lowest stress drop coefficient (G2) played major roles in the achievement of the highest
performance. Compared to its predecessor, the new turbine has a stall point of 0.3. Both the
G1 and G2 turbines have better efficiency than the reference turbine [1]. For sub-oscillating
flight, Wells turbines employed second-regulation and entropy technology in the form of
blades. Computational fluid dynamics (CFD) analyses of NACA airfoils with a sinusoidal
waft boundary have been performed. The efficiency of the second law was drastically
impacted by the angle of attack. This effect was quantified by the NACA 0015 between
15 and 25 degrees of attack. Airfoil section local entropy viscosity can be predicted via
numerical simulations. When considering entropy generation, the Reynolds number is
crucial, and NACAQ015 is more cost effective and uses less expensive alternative airfoils [2].
The authors” analyzed the coupled dynamics that included the aero-elastic and volatile
feedback of the movable blades. The most promising configuration was selected based
on the CFD results for reducing strain overall. The major outcome was that the total
pressure drop is three times that of a hard, rapid, straight blade [3]. To better depict drift
unsteadiness, a simpler, two-equation turbulence version was modified. Using the SST
(shear stress transport) transient fluid solver and a two-equation turbulence model, Open
FOAM evaluated the efficiency of a Wells turbine [4]. The Wells turbine’s suction-slotted
blades performed admirably. Four different suction slots were investigated. The pressure
decrease caused by the turbine drift coefficient was greatest in slots 4 and 7. Three-slot
turbines were efficient. A test was carried out on NACA 0015, and slots in the NACA 0015
airfoil model were also used [5]. Disc actuator blades investigated the evolution of the motor.
The “interference factors” between a turbine rotor’s series of blades and a single airfoil
determined the rotor’s carry behaviors also drag. There were greater air velocities inside
the blade passages in the CFD studies with the thicker rotors [6].Wells turbine performance
modeling and layout optimization using computational fluid dynamics were performed.
Wells turbine performance can be predicted with either an experimental, analytic, or CFD-
based model. Converting power from W to T waves is simple and inexpensive. A Wells
turbine is inferior to an impulse turbine. When compared to other airfoils, NACA0015
is more efficient and produced less global entropy. The proposed work was produced
the more using manual vanes and W-Ts with several stages. The cost of improved W-T
performance increases [7].
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Slots on both sides of an airfoil and glued guiding vanes were used in Wells turbines
to increase efficiency and torque. Torque was increased by the imposed turbine slots.
The Wells turbine’s manual vanes were optimized for speed, rotational autonomy, and
resistance to stalling. This action demonstrated that manual vanes function more effectively
upstream than downstream. Based on the calculations, the slotted turbine turned over more
quickly. Productivity, usability, and initialization are all enhanced with slotted blades and
manual vanes [8]. The authors’ proposed turbine must operate between 0 and 90 degrees
to accommodate the varying airflow needed to harness wave energy. The blades in a Wells
turbine’s cascade are perpendicular to the axis of rotation, are offset by 90 degrees, and
make it difficult to float. Complex stalls with a wide field of view can be simulated [9].
Different blade profiles, including NACA0020, NACA0015, CA9, and HSIM 15-262123-
1576, were studied. Circular motion of the Wind CA9 blade profiles with a rotor solidity
of 0.64 were used in Wells turbines. Turbogenerators that rotate in a circle exhibited rapid
flotation tendencies. The performance curve of constant drift was slowed down by low flow
coefficients [10]. The performance of a lightweight Wells turbine in a cutting-edge sea wave
energy system was evaluated. Analysis was possible when the three-dimensional Navier—
Stokes equations were stabilized. Going with the flow is an incompressible mechanism
in SST k-turbulence. The efficiency of a turbine can be predicted by simulating the end
clearance [11]. Numerical and practical tests were conducted on a small, single-wing Wells
turbine with high solidity and no guide vanes. NACAQ015 blades with a constant chord
were used in the prototype. After running normal incompressible Reynolds-averaged
Navier-Stokes (RANS) equations via finite-element simulations in three dimensions, the
numerical evaluation were completed. A relaxed decrease in torque and pressure was
identified [12]. In that study, regenerative ventilation was being evaluated for the possible
arrangement of a new experimental record by mounting a turbine atop an oscillating water
column. The DC systems were powered by the turbine, in which a NACAQ0015-based
design profile was imposed on blades. The waft coefficient should be less than 0.1, and the
turbine’s Reynolds number should be high [13]. Wells turbines make a lot of noise and
failed to work very well at high waft coefficients. These issues are resolved by skewing and
reshaping the blades of the booster turbine and the rotor. The turbine was distorted by the
Gurney flaps. The efficiency of blade profiles was enhanced [14].

The performance of Wells turbines with and without many planes was evaluated.
Biplanes used contra-rotating rotors, while monoplanes relied on manually operated vanes.
There were trials of a biplane turbine with two shafts. When compared to a monoplane
turbine with guiding vanes, the contra-rotating turbine had a similar operational range,
but it performed better post-stall and could withstand a pressure-drift ratio that was one
mile higher. High viscous losses in the turbine rotor are optimal for recovery [15]. Turbine
blades were imposed with symmetrical airfoils that revolve around a central hub. Energy
generation can be maximized by using the rotational speed control loop. The turbine only
spins in one direction, although the fluid can go in either direction. The goal of installing the
stress sensors has been achieved. The first sensor tracked strain, while the second tracked
pressure decrease from the faster generator [16]. Energy production is restricted by factors
such as the predictability of waves, the efficiency of devices, etc. By optimizing the sweep
angles of the blades, the performance and efficiency of the Wells turbine could be increased
via numerical optimization. This investigation was finished using the RANS equations
and determined the effectiveness in terms of strain, torque, and also waft. The authors’
maximized the torque factor, and cross-validation errors were reduced with the use of
Kriging. Increases in both turbine height and torque resulted from redesigned blade waft
coefficients [17]. The notable observations are as follows: blades on monoplane turbines
typically have a 90-degree angle, a Reynolds number of 8 x 10°, a Mach number of 0.4 at the
tip, and a hub-to-tip ratio of 0.6. Blades, tip clearance, and gliding efficiency are all distinct.
Drift can be anticipated with the help of torque. Convergence of solutions was hampered
by the discrepancy between axial velocity and tangential tip [18]. In this study, the authors
compared static stall to dynamic stall and operational design settings. Next, they took
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take a theoretical and practical look at two different ratios of tip clearance to chord length,
0.0056 and 0.0111. Three-dimensional measurements of steady-state and pulsed flow were
taken on Wells turbine prototypes. The rate at which a drift was occurring can modify the
flow. Offshore utility REWEC3 seawalls were depicted as Wells turbines at a 1:10 scale.
Gliding coefficients, torque, and strain drop were used to rate Wells turbines. Gliding
became unsteady in the sinusoidal current. Performance of turbines was influenced by tip
clearance [19]. Turbine performance was impacted by tip leaking glide. The investigation
of the drift of turbine blades was executed. An NACA 0020 bladed Wells turbine was
analyzed using CFD solver called FLUENT. The ratio of tip clearance to chord length grew,
which negatively affected turbine performance and positively impacted glide coefficient.
Turbine stall was brought on by boundary layer separation and tip leaking [20]. In the
ANSYS simulations, the waft coefficients, angles, and rotation speed were all fixed. The
SST turbulence model was imposed, and so the performance of the turbine improved as
the adjustable vane angle and float path vortices were increased. The efficiency gained
from a guide vane angle was significant, wherein an angle of 11.8 degrees and a glide ratio
of 0.21 were optimal. Separating the floats and switching the vortex profiles both increased
the efficiency of the guide vane attitude exchange [21].

In fragile systems, Wells turbine converters are typically used. Stronger lift forces
and separation behaviors are generated by IFS profiles due to their concave shape in the
submit-mid-chord region compared to NACA profiles. CFD analysis compared six different
IFS and NACA blade designs. In comparison to NACA, IFS’s operating spans and torque
technology improved by 24.1%, and the IFS torque was also improved. The maximum
torque coefficient was also increased by VIB20IFS, by 71 percent. VIB20IFS’s superior
separation region was validated by SS streamline contours [22]. Using NACA 0021 constant
chord blades, the tool simulated the efficiency of a Wells turbine. Turbine performance and
aerodynamics were predicted using the computer model. The model’s prediction of the
stall glide coefficient for the turbine was spot on. To better comprehend float physics and
optimize the turbine’s operating range and performance, both normal and stall scenarios
were investigated. Turbine stalling due to a loss of tip clearance was explained by CFD
data [23]. The aerodynamic forces, compressibility, and isolated and cascade float models
of the blade profiles were analyzed using a CFD model. When taking into account prior
data, the NACA 0015 blade profile was used and generated the strongest aerodynamic
forces. Additionally, the 15% CA9 blade was favored based on the estimated slope of the
cascade force and pressure curves. Once again, 15% CA9 performed better than NACA
0015 [24]. Power generation was improved by imitating the owl’s and merganser’s static
trailing edges. The ideal amount of static for trailing chords was between 0 and 10%. Its
glide coefficient was determined using the RANS equation with the help of ANSYS-CFX
Float at a simulated 15.0. The 5%C torque is improved by prolonging the SETE. Above
5%C, the working range decreased, and the stall factor got close to FC. The SETE blade
made it 23.4% of the way before stopping. The effectiveness of the SETE blades drops by
5.4% due to pressure loss. In comparison to blades with strong chord duration of the same
size [25], SETE generated more torque. A lumped parameter model was used to simulate
the interaction between the turbine and air mass in the chamber. The compressibility of
the air in the chamber is the mechanism between air volume and the turbine duct, and it
created hysteresis. Differences in performance do not matter for Wells turbines because
they operate at non-dimensional frequencies [26]. The onset and severity of stall are the
primary focus of this analysis of the turbine’s performance. Highsolidity to simulate an
oscillating water column wave power conversion device, a model utilizing Wells turbines,
was required. The NACA 0021-based design profile was used. Spalart-Allmaras turbulence,
and k-omega and Reynolds strain turbulence models were investigated using the RANS
equations as a constant. The increment in nearby torque contribution has been achieved
throughout the blade floor as the blade span is increased without blade separation. The
torque dropped during a stall [27]. Testing and modeling were performed on a miniature
version of the Wells turbine. A REWEC rotor with a NACA 0015 profile was implemented.
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Non-dimensional torque, efficiency, and pressure drop were calculated, as well as the inlet
and hub-nostril form of the turbine’s tip. Principal drift features were related to stagnation
pressure contours on iso-helicity surfaces and meridional tangential vorticity contours [28].

Based on the observations that are obtained from the literature survey [1-36], the
process of designing a Wells turbine and optimizing its performance is identified out and
so depicted in Figure 1.
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Figure 1. Work processes involved in this research.

Figure 2 represents the engineering procedures imposed in this work, which comprises
CFD, computational structural, and modal analysis. CFD is used for the development
hydrodynamic forces over the Wells turbine and for the estimation of torque produced by
the Wells turbine. The computational structural analysis is used for the selection of suitable
material that can effectively resist hydrodynamic loads and so provide a high lifetime to



Processes 2023, 11, 2625 6 of 48

the blades. The modal analysis is used for the estimation of natural frequencies of the Wells
turbine and so supports the development of energy extractions through the Wells turbine.
Finally, the optimized Wells turbine with a high energy extraction rate and high structural
lifetime has been adopted in the energy extraction process for real-time applications.
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Figure 2. Work process involved.
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2. Computational Methodologies

From the literature survey [1-36], it is observed that the previous works failed to
impose the standard design calculations in the development of Wells turbine. Henceforth,
this work is finalized to impose standard design procedures for the development of Wells
turbine through the help of a bottom-up design approach. Since top-down approaches
comprise assumption-based initialization, this work confirms the use of a bottom-up design
approach. In a bottom-up approach, relevant design factors are chosen with previously
obtained data, creating what are typically termed as historical relationships. The collected
historical data and their typical relationships are revealed in Figures 3-5.
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Figure 3. Various Wells turbines’ data with respective power [1-36].
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2.1. Design Process

For this work, the imposed historical data and relationships concern the hydropower
in watts, number of blades used, chord length in mm, and the radius of a hub to blade in
mm. Figure 3 relates the various data of the Wells turbine with respective hydropower in
watts, which is collected from the prior-discussed literature survey [1-36]. From Figure 3, it
is observed that the maximum hydropower of 2250 W has been frequently imposed.

Figures 4 and 5 show the data of various Wells turbine with their corresponding
number of blades and their chord length in mm. From Figure 4, the obtained number of
blades is 7. Also, from Figure 5, the obtained chord length is 100 mm; i.e., CBVT = 100 mm.

2
AWells Turbine = 7T X (rblade) (1)
CiI'Cun’lWells Turbine — 27Trblade (2)
Circum e =7 X CBr 47 xTB 3)
Wells Turbine WT WT

From the shape of the conventional Wells turbine, the general relationships are derived,
which are expressed in Equations (1)—(3). Equations (1)—(3) express the cross-sectional area
of the Wells turbine and the circumference of the Wells turbine. To initiate the design
process, the clearances between the blades play a major role. In this work, three different
clearances are imposed, and so the different design data-based Wells turbines are framed.
For sample calculation, the tolerance (clearance) between blades is assumed as 100 mm,
and thus, TEVT = 100 mm.

(1400 x 7)

U XD 07
(2 x 22) 3 mm

Circumblade = 1400 mm = znrblade = 1400 = Iblade =

Additionally, another historical relationship has been organized between the hub’s
radius and the blade’s radius. The comprehensive outcome of the recent historical rela-
tionship is revealed in Figure 6. Finally, from Figure 6, the unique relationship has been
derived and is expressed in Equation (4).
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Figure 6. Various Wells turbines with respective radii of the hub to blade [1-36].
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The shortlisted airfoil for this work from the literature survey [1-36] is NACA 0015.
Table 1 depicts the final design data of the Wells turbine with different wingspan and main
diameters in mm. Similarly, other cases are derived, and the seven cases’ design data are
listed in Table 2.

Table 1. Final design data of primary case.

Sl. No Description Value
1 Chord length 100 mm
2 Wingspan 219.1696 mm
3 Hub Diameter 449.0304 mm
4 Main Diameter 668.2 mm
5 Chosen airfoil NACA 0015
6 Thickness for both hub and blades 15 mm (15% of the chord)
7 Number of blades 7

Table 2. Comprehensive design data of seven cases.

Design Cases

Dimensions of Various Design Factors

CASE1

CASE I
CASE III
CASE IV
CASEV
CASE VI

CASE VII

Main diameter = 445.46 mm; Hub diameter = 299.35 mm; Wingspan = 146.11 mm;

Tip clearance = 100 mm;

Main diameter = 582.738 mm; Tip clearance = 100 mm

Main diameter = 552.703 mm; Tip clearance = 150 mm

Main diameter = 732.036 mm; Tip clearance = 150 mm

Main diameter = 668.2 mm; Tip clearance = 200 mm
Main diameter = 887.3696 mm; Tip clearance = 200 mm
Main diameter = 1106.5392 mm; Hub diameter = 449.0304mm; Wingspan = 438.3392 mm;

Tip clearance = 200 mm

2.2. Computational Fluid Dynamics

Since this work primarily deals with the comprehensive investigations of various
performance factors, an investigation based on the flexible and advanced engineering
approach is mandatory for this work. Henceforth, the imposed Methodology for this work
is computer-aided engineering, in which CFD provides a major contribution and also aims
to determine the torque of the Wells turbine, hydrodynamic drag, hydrodynamic pressure
on Wells turbine, and hydrodynamic velocities over the Wells turbine.

2.2.1. Computational Model

The Wells turbine, along with relevant control volume, is taken here as the compu-
tational model. Seven different design profiles of the Wells turbine were designed with
the help of designed data. Each of the seven design profiles has a distinct hub diameter
and blade length variation. The Wells turbine is designed using CATIA. The seven models
have seven blades of NACA(Q015 airfoil with a 100 mm chord. These seven models were
designed to obtain the result of maximum torque. In addition, a control volume is created
around the Wells turbine. The typical fluid dynamic control volume and the Wells turbine’s
traces are revealed in Figure 7. For the development of control volume, the diameter of
Wells turbine is picked as reference data, and so the entire volume is constructed. The
rear position of the control volume is kept higher than the frontal position of the control
volume. This imbalance in design data can permit the flow to settle after it impacts with
Wells turbine.
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Figure 7. A systematic view of Wells turbine inside the control volume.

2.2.2. Discretization

Figure 8 represents the discretized mesh of the Wells turbine with control volume. The
size function of the Wells turbine is “proximity and curvature” as the blade cross-section is
of airfoil geometry. So, to captures the trailing edge in an effective manner, the above-said
function is chosen. High smoothing is also chosen in addition to a fine relevance center.
Table 3 provides the number of nodes and elements obtained for different mesh face sizes
used for different cases of simulations that are imposed in grid independence study.

] 7 Ses003 Se+003 grrem) E* -
_ 1

I
1.250+002 2.75a+000

Figure 8. Discretized mesh of Wells turbine.

Table 3. Statistical data of nodes and elements for seven cases.

Various Mesh Cases No. of Nodes No. of Elements
CASE-1 170,185 934,788
CASE-2 196,670 1,083,869
CASE-3 157,498 865,671
CASE-4 681,382 3,889,953
CASE-5 176,180 972,195
CASE-6 238,700 1,324,759
CASE-7 693,333 3,640,060

2.2.3. Boundary Conditions

In this analysis, four inlet velocities are used such as average steady state velocity of
water, shallow water velocity, wave celerity velocity, and the maximum wave velocity. The
pressure outlet is zero for all the inlet velocities, and the operating pressure is 103,125 Pa.
No slip condition is applied on the Wells turbine because of the friction. Instead, specified
shear is applied on the wall. Four inlet velocities are the average velocity of water, shallow
water velocity, intermediate water velocity, and deep water velocity. Average water velocity
is obtained using surface water velocity estimated as 0.4 m/s through Equation (5) and the
correction factor estimated as 0.85.
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Average velocity of water = 0.4 x 0.85 = 0.34 m/s ®)

A 7
Shallow water velocity = \/ 8% 50 = \/ g X % = 154m/s (6)

The shallow water velocity is estimated as 1.54 m/s with the help of Equation (6),in
which the imposed hydro-fluid properties density, dynamic viscosity, and kinematic vis-
cosity are used. The values of these properties are 1030 kg/m?>, 1.793 x 10~3 kg/m-s, and
1.787 x 106 m*s'.

2.2.4. Solver Data and Governing Equations

This study uses a pressure-based solver because of incompressible flow and constant
density. The turbulence models used are Spalart—Allmaras and k-epsilon with enhanced
wall treatment. The relevant shortlisted turbulence model is further imposed in all the
models that give the best out-turn for boundary layers to acquire an adverse pressure
gradient. Steady-state analysis is taken over for all seven cases. The turbulent viscosity
ratio is fixed as 10% because of the high density of the imposed fluid. Concerning the new
technology for renewable energy, the solver has to be setup with governing equations that
are obtained from CFD fundamental concepts [37-39]. The RANS equations are certain
to solve real problems using computational strategy, time continuity, and momentum
relationships. The coupled algorithm-based pressure and velocity coupling has been
implemented with higher-order approximations.

2.3. Computational Structural Analyses

In this part of the work, a structural analysis is carried out using the boundary condi-
tions that will be discussed further down to determine the total deformation, equivalent
stress, equivalent elastic strain, stress intensity, strain energy, shear stress, and normal
stress for materials such as carbon fiber-reinforced polymer (CFRP) materials, glass fiber-
reinforced polymer (GFRP) materials, and relevant lightweight alloys. This computational
structural analysis aims to determine a suitable lightweight material for the Wells turbine
that results in less deformation, stress, and strain with high lifetime.

The Wells turbine with the composition of seven blades is employed as a computational
model for this structural analysis. This turbine is designed to obtain the maximum efficiency
to extract the energy from ocean waves with the high-power design profile of NACA 0015.
Figure 9 shows the computational model of a seven-bladed Wells turbine. The discretization
is the next phase that is involved in this computational structural analysis. The discretized
mesh of the computational model used in this investigation is seen in Figure 10. The
“proximity and curvature” size function is implemented in this work, and the size function
can be perfectly captures the Well turbine curvatures. In addition, high smoothing is
selected, while a coarse relevant center is selected. Since all the seven cases are different in
terms of design data, the meshed elements are obviously different for all the seven cases.
For the sake of example, the statistical reports of case IV and case VI are provided that
further enhance the reliability of this work. The total number of nodes and elements in case
1V is 572,774, while the total number in case VI is 918,984.

In this study, the computational structural analysis has been computed with the help of
a one-way coupling-based fluid-structure interaction approach. For hydrodynamic loading
extraction purposes, two different inlet velocities are used for two different cases. One
is the surface velocity of water, which is 0.34 m/s, and the second is deep water velocity,
which is 23 m/s. The support used in this work is fixed support that is provided in all the
interactions between the hub and blades of the Wells turbine. The material properties of
the imposed lightweight materials have been extracted from the literature survey [40,41]
and engineering data library from the imposed computational tool, i.e., ANSYS Workbench
17.2. The governing equations imposed in this work used are from force-and-displacement-
based relationships, and stress-and-strain-based relationships [40,41]. For this analysis,
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each blade can be treated as a cantilever beam because of the production of fixed support
to the hub. The uniformly distributed loads are imported from hydrodynamic pressure
obtained through steady fluid flow analysis.

Figure 9. Typical representation of the computational model for structural analysis.

0.00 " 350.00 700.00 (mm)
T
175.00 525.00

Figure 10. Discretized structure of Wells turbine.

2.4. Computational Analysis for PVEH

The Wells turbine, which has seven blades, can be disassembled into its component
parts. To begin, the model is held in a stationary position while it is being supported. After
that, there is no restriction on how it vibrates. The frequency of the required material
is then determined via modal analysis, and this information is then employed in the
power of piezoelectric vibrational energy harvester (PVEH) calculations. Figure 9 is a
front-view illustration of a common computer model that is utilized in the process of
vibrational analysis. The discretized structure of the Wells turbine is shown in Figure 10.
The boundary condition that must be complied with is illustrated in Figure 11. For this
modal analysis, the discretization has been executed, and the details are as follows: the
number of nodes is 88,975, and the number of elements is 53,859. Also, the size function
used in this computational vibrational analysis is curvature, and this smoothing is high.
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Figure 11. A typical isometric view-based representation of imposed boundary conditions on the
Wells turbine (WT).

The inherent resonance frequencies and mode forms of a structure should be identified.
A linear dynamical analysis is the process of studying modes. Since the overall acceleration,
velocity, and location of the structure at each site are constantly unknown, the dynamic
response of a structure must be calculated by first solving the fundamental equation of
motion. Control of this system is defined by Equation (7) [42-47].

2 u
[mWT] { % } =+ [CWT] { jx} =+ [KWT] {u} = {F(t)HydrodynamiC} (7)

Since the resonance frequency and mode forms are independent of the external load,
they must be set to zero for modal analysis. However, the morphologies of natural frequen-
cies and modes can only be expressed using complex numbers; therefore, damping effects
are currently being disregarded. As seen in Equation (8), this first optimized governing
equation is for modal simulation.

d*u
[mwr] { dxz} + [Kwr[{u} =0 8)

From the perspective of time domain dynamics, this problem can be thought of as a
2
body either at rest or moving at a constant pace. Therefore, {% } (t) = 0; Equation (9), a
condensed version of the governing equation, governs the modal computation.

Kwr[{u} =0 ©)

2.4.1. Experimental Validation—1

A thorough investigation of experimental analysis is conducted to ascertain the effi-
cacy of computational work. The MIDE quick pack QP 10W is utilized in the experimental
configuration the authors suggested. A total of 2.5 mW of power was retrieved for this
study. Therefore, in order to confirm the computational work and compare the experi-
mental setup, a three-dimensional model of the experimental setup is produced with the
assistance of CATIA, and then, it is analyzed in ANSYS Workbench 17.2. The authors
suggest the boundary conditions and material characteristics. A modal analysis is then
performed after the CFD simulation to ascertain the frequency of the relevant material.
Figures 12 and 13 [42—47] vividly illustrate the well-established research of aerodynamic
and modal analyses.
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Figure 12. Pressure distribution on the proposed experimental setup.

Figure 13. Total deformation on the experimental setup.

A computational simulation is used to determine the required values for the calcula-
tion. Quick pack QP 10W is used as a calculation sample. Equations (10) and (11) substitute

the expected computational result-based data. The pressure on the piezoelectric patch is
34.179 N/m?.

PValidation
Intermediate

20 18 x Tpp, o Plwm (10)

—d2 w
= djym {(WP) % (LPL)2 x ([tp] + [TPLDﬂ [1+fxex (Prwm)]

36 6 12 2 + 4

Final Intermediate -

5 4 3 2
palidation _ (PVahdaﬁon ) ((0.44 #L)° LO044xL)* 5L2(044xL)° L2044 x L)  L(044 x L)) an

Inputting the appropriate values into the equation yields an estimated power of
2.3 mW. Therefore, compared to experimental work, computational analysis error was
8%, which lies within the acceptable range. Table 4 contains a complete set of trial results
and suggested data of this work. It is evident from Table 4 that the error percentage is
within the allowed range, indicating that the PVEH patches can be used to extract electrical
energy using the mathematical and analytical approach that is being presented for this
work. With this imposed integrated strategy now verified, the authors are prepared to
apply it to further real-time use cases. But first, nature-inspired Wells turbine uses the same
methodology.

Table 4. Experimental and computational studies verify the legitimacy of electrical power extrac-
tions [42-47].

The Developed Electrical Power (mW) as The Resulting Electrical Power (in mW)

. . . E P
Measured in Experimental Settings from the Method Proposed Here rror Percentage

25 2.3 8
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2.4.2. Experimental Validation—2

In order to improve the reliability of the required procedure, a second research is
required after the first one has confirmed the accuracy of the results of the energy extraction.
This part is devoted to a validation study [42-47] because of the significance of the method
that was implemented in this part of work. A separate and easier-to-understand validation
design, which can be shown in Figure 14, has been developed. Figure 15 depicts the results
of applying the models. Using ANSYS Fluent, we were able to come up with an estimate
for the required pressure variation on the base model. Figure 16 illustrates the ultimate
effect that the vibrations of the base object had.

Figure 14. The typical isometric representations of secondly modified base model along with PVEH
patches.

Pressure
431.219

315.167
199.115
83.063
-32.989
-149.041
-265.093
-381.145
-497.197
-613.249

-729.301
[Pa]

—
0.026 0.075

Figure 15. The typical isometric representations of pressure loads acting on the secondly modified
base model along with PVEH patches.

A:Modal
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Fidquency: 216.71 Hz
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Figure 16. The typical isometric representations of freely vibrated structure of secondly modified
base model along with PVEH patches.
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Similarly to the first experimental validation test, the second experimental test is also
conducted, and so the outcomes are listed in Table 5.

Table 5. Validation of electrical power extractions through experimental and computational out-
comes [42-47].

The Developed Electrical Power (mW) as The Resulting Electrical Power (in mW)
Measured in Experimental Settings from the Method Proposed Here Error PERCENTAGE
2.5 2.58 3.1

From Tables 4 and 5, it is clearly observed that the imposed energy extraction ap-
proach based on advanced computational method is reliable and suitable to impose in
real-time applications. Also, it is learned that the additional approaches such as CFD and
computational structural analysis are also validated with these experimental validations.

3. Results and Discussion

Firstly, the optimized Wells turbine is obtained with the help of CFD analysis for all
seven cases with four different inlet velocities, such as 0.34 m/s, 1.54 m/s, 12.10 m/s, and
23 m/s. Secondly, the computational structural analysis is taken for the optimized Wells
turbine using various lightweight materials.

3.1. CFD Outcomes

In CFD, the primarily focused outcomes have been finalized as torque and hydrody-
namic drag; the secondary focused outcomes are hydrodynamic pressure acting on the
Wells turbine and hydrodynamic velocity variations in and over the same Wells turbine.

3.1.1. Results and Discussion on Design Data-Based Modified Cases

Firstly, the CFD investigations are computed on first case of the Wells turbine.
Figures 17-20 depict the hydrodynamic velocity and pressure variations that are acting in
and over the first case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies
are carried out. Based on the integrative effect among the four inlet velocity outcomes, the
velocity of 0.34 m/s performance is better than the others.

Pressure ANSYS
Conlons 1 W
6.086e+001
. 362184001
1.176+001
127004001
-3.7150+001
B -8.160e+001
1M 660604001
-1.1080+002
1.35004002
I 150404002
-1.83904002
[Pe]

£
Figure 17. Pressure on first case based WT under hydrodynamic condition of 0.34 m/s.

Secondly, the CFD investigations are computed on the second case of the Wells turbine.
Figures 21-24 depict the hydrodynamic velocity and pressure variations that are acting in
and over the second case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies
are carried out. Based on the integrative effect among the four inlet velocity outcomes, the
velocity of 23 m/s performance is better than the others.
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Figure 18. Hydrodynamic velocity on first case based Wells turbine—0.34 m/s speed- case-1.
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Figure 19. Hydrodynamic velocity on first case based Wells turbine—1.54 m/s speed.

Pressure ANSYS
Cantour | w2

| -3.648e+005
H -6.860e+005
| -8.466e+005

-1.007e+008
-1.168e+008

-1.32004006
[Pa]

2]
Figure 20. Pressure on first case based WT under hydrodynamic condition of 23 m/s.
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Figure 21. Hydrodynamic velocity on second case based Wells turbine—0.34 m/s speed.
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Figure 22. Pressure on second case based WT under hydrodynamic condition of 1.54 m/s.

Figure 23. Hydrodynamic velocity on second case based Wells turbine—12.10 m/s speed.

Figure 24. Pressure on second case based WT under hydrodynamic condition of 23 m/s.

Thirdly, the CFD investigations are computed on third case of the Wells turbine.
Figures 25-28 depict the hydrodynamic velocity and pressure variations that are acting in
and over the third case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared and so the comprehensive studies
are carried out. Based on the integrative effect among the four inlet velocity outcomes, the
velocity of 0.34 m/s performance is better than the others.

Fourthly, the CFD investigations are computed on the fourth case of the Wells turbine.
Figures 29-32 depict the hydrodynamic velocity and pressure variations that are acting in
and over the fourth case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s, respectively. The other performance factors such as hydrodynamic
forces acting on the Wells turbine and torque produced by the Wells turbine are also
estimated through function calculator facility.
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Figure 25. Hydrodynamic velocity on third case based Wells turbine—0.34 m/s speed.

Figure 26. Pressure on third case based WT under hydrodynamic condition of 1.54 m/s.

ANSYS

1]

-314021.125
-379367.504
-444714.063
-510060.531

-575407.000
Pa)

Figure 27. Pressure on third case based WT under hydrodynamic condition of 12.10 m/s.
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Figure 28. Hydrodynamic velocity on third case based Wells turbine—23 m/s speed.
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Figure 29. Pressure on fourth case based WT under hydrodynamic condition of 0.34 m/s.

Figure 30. Pressure on fourth case based WT under hydrodynamic condition of 1.54 m/s.
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Figure 31. Pressure on fourth case based WT under hydrodynamic condition of 12.10 m/s.

Figure 32. Hydrodynamic velocity on fourth case based Wells turbine—23 m/s speed.

Fifthly, the CFD investigations are computed on the fifth case of the Wells turbine.
Figures 33-36 depict the hydrodynamic velocity and pressure variations that are acting in
and over the fifth case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s, respectively. As similar as other cases, the performance factors are
also determined for this fifth model.
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Figure 33. Pressure on fifth case based WT under hydrodynamic condition of 0.34 m/s.
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Figure 34. Hydrodynamic velocity on fifth case based Wells turbine—1.54 m/s speed.
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Figure 35. Pressure on fifth case based WT under hydrodynamic condition of 12.10 m/s.

Figure 36. Pressure on fifth case based WT under hydrodynamic condition of 23 m/s.

Sixthly, the CFD investigations are computed on sixth case of the Wells turbine.
Figures 37-40 depict the hydrodynamic velocity and pressure variations that are acting in
and over the sixth case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies are
carried out. Based on the integrative effect, the 0.34 m/s inlet velocity result is the most

effective of the four possible inlet velocities.
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Figure 37. Pressure on sixth case based WT under hydrodynamic condition of 0.34 m/s.
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Figure 38. Hydrodynamic velocity on sixth case based Wells turbine—1.54 m/s speed.

Figure 39. Hydrodynamic velocity on sixth case based Wells turbine—12.10 m/s speed.

Seventhly, the CFD investigations are computed on seventh case of the Wells turbine.
Figures 41-44 depict the hydrodynamic velocity and pressure variations that are acting in
and over the seventh case of the Wells turbine for the inlet velocities of 0.34 m/s, 1.54 m/s,
12.10 m/s, and 23 m/s. The outcomes are compared, and so the comprehensive studies are
carried out. Based on the integrative effect, the performance of the 0.34 m/s inlet velocity
is superior to the other four possible outcomes.
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Figure 40. Pressure on sixth case based WT under hydrodynamic condition of 23 m/s.
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Figure 41. Pressure on seventh case based WT under hydrodynamic condition of 0.34 m/s.
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Figure 42. Hydrodynamic velocity on seventh case based Wells turbine—1.54 m/s speed.
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Figure 43. Pressure on seventh case based WT under hydrodynamic condition of 12.10 m/s.
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Figure 44. Pressure on seventh case based Wells turbine under hydrodynamic condition of 23 m/s.

Finally, the comprehensive outcomes of all four cases are listed in Tables 6-8. Table 6
comprises data on aerodynamic forces-based outcomes, Table 7 comprises comprehensive
data on torque, and Table 8 comprises comprehensive data on power extraction.

Table 6. Torque for various imposed Wells turbine cases.

Velocity Torque (Nm)
(m/s) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0.34 0.055215 0.154057 0.142265 0.246834 0.158302 0.418652 1.27369
1.54 1.49314 3.73196 3.9291 6.83129 3.84614 10.0088 30.0695
12.10 103.202 243.903 260.64 4719 251.783 656.869 1919.9
23 380.127 884.07 957.654 1279.2 925.113 2393.45 6713.63
Table 7. Drag force for various imposed Wells turbine cases.
Velocity Drag (N)
(m/s) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0.34 9.09072 13.4306 13.2765 18.8315 19.0282 26.3446 59.7228
1.54 185.191 272.619 271.242 383.472 388.983 537.146 1219.24
12.10 11,454.7 16,795.5 16,702.1 23,630.1 24,011 33,159.2 73,799.7
23 40,891.8 59,962.9 58,965.2 82,569.6 81,523.9 113,105 245,682
Table 8. Power for various imposed Wells turbine cases.
Velocity Power (W)
(m/s) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0.34 0.143368 0.30774 0.362951 0.417528 0.28004 0.581275 1.540195
1.54 20.07226 37.19742 44.78828 60.95917 33.44393 69.07728 178.3818
12.10 11,463.88 20,004.22 26,920.69 35,328.13 18,015.37 38,139.29 92,229.6
23 81,805.03 134,024.3 98,913.09 183,986.5 127,204.8 263,356.2 594,207.1

The high power extraction rate and low hydrodynamic drag force are the predominant
selection factors involved in this work. From CFD outcomes, the torque and drag forces are
calculated, and they are listed in Tables 6-8. From Tables 6-8, based on integrative effect,
the reasonable drag developer with torque producer-based design model is shortlisted for
further investigation. From the outcomes listed in Tables 6-8, it is clearly observed that in
case-4,there is better extraction of a high amount of energy from the hydro-fluid sources
and also less drag produced than in other enhanced cases. Based on the integrative effect,
this decision has been made, and so case-4 is finalized as the best performer.
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3.1.2. Results and Discussion on Design Profile Modified Cases

Because of the high imposition of modernization, the hydro-fluid source is reducing
drastically. Thus, the authors finalized further design profile modifications on case-4. Three
more additional design profile modifications are imposed on the case-4-based Wells turbine.
The typical representations of all three profile-enhanced Wells turbines are revealed in
Figures 45-47.

In three advanced cases, two cases belong to stepped-back airfoil-based modified
design profiles, and one case belongs to a zigzagged airfoil-based modified design profile.
As per the aforesaid same boundary conditions and control volume dimensions, the com-
putational investigations are computed. The typical hydrodynamic velocity variations in
and over of all three advanced cases are revealed in Figures 48-50. Additionally, to obtain a
further view about the turbulence development and its effect that supports the develop-
ment of high hydropower, studies on turbulence behavior are also executed. The major
outcomes of the turbulence prediction such as turbulence dissipation rate and turbulence
kinetic energy are determined. The variations in turbulence dissipation rate and turbulence
kinetic energy in and over the Wells turbine are systematically revealed in Figures 51-56.
ANSYS
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Figure 45. A typical frontal view-based representation of first stepped-back airfoil-based Wells
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turbine (advanced case-1).

ANSYS
R17.2
Academic

0 0.150 0.300 (m) :

0.075 0225

Figure 46. A typical frontal view-based representation of second stepped-back airfoil-based Wells
turbine (advanced case-2).



Processes 2023, 11, 2625 26 of 48

ANSYS
R17.2
Academic

5

0 0.200 0400 (m)
v ]
0.100 0.300

Figure 47. A typical frontal view-based representation of third zigzagged-cum-stepped-back airfoil-
based Wells turbine (advanced Case-3).

After the successful completions of computations on all three additional advanced
cases, the torques are captured and listed in Table 8.

From Table 9, it is clearly understood that advanced case-2 is capable of enhancing the
hydro-power by 15.19 percent as compared to the conventional case-4.

Table 9. Comprehensive hydro-power outcomes of all the three advanced cases.

Number of Special Cases Description of Special Cases Torque (Nm) Observations
Base Case-IV normal cases 1279.2341 Not applicable
: : Torque is decreased by the
Case-1 Step-1 172.946 percentage of 86.48
g . Torque is increased by the
Case-2 Step-2 1473.54 percentage of 15.19
Case-3 Serration at top-up approach 1137.64 Torque is decreased by the

percentage of 11.07

ANSYS
R17.2

Academic

Figure 48. Hydrodynamic velocity variations in and over the Case-3-based Wells turbine.
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Figure 49. Hydrodynamic velocity variations in and over the Case-2-based Wells turbine.
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Figure 50. Hydrodynamic velocity variations in and over the Case-1-based Wells turbine.
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Figure 51. Turbulence eddy dissipation variations in base case.
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Figure 52. Turbulence kinetic energy variations in base case.
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Figure 53. Turbulence Eddy Dissipation variations in stepped-2 case.

Figure 54. Turbulence kinetic energy variations in stepped-2 case.
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Figure 55. Turbulence eddy dissipation variations in serration at top-up approach-based case.
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Figure 56. Turbulence kinetic energy variations in serration at top-up approach-based case.

3.2. Computational Structural Analyses

Computational structural analyses are performed using the boundary conditions
that are mentioned above. In this analysis, total deformation, equivalent elastic strain,
equivalent stress, shear stress, normal stress, stress intensity, and strain energy for various
materials are obtained to validate the material which can withstand stress, strain, and
deformation. The CASE-IV-based Wells turbine model is shortlisted as base computational
model for this structural analysis, in which the inlet velocity of hydrodynamic flow simula-
tion is analyzed at 23 m/s. Through the help of one-way coupling-based fluid—structure
interaction-based advanced approaches, the aforesaid computational structural analyses
are carried out. The typical front view-based structural outcomes such as stress intensity,
shear stress, strain energy, normal stress, equivalent stress, equivalent elastic strain, and
total deformation are revealed in Figures 57-63.
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Figure 57. Stress intensity of Wells turbine of the material epoxy carbon woven pre-230.

B: Static Structural

Shear Stress

Type: Shear Stress(XY Plane)
Unit MPa

Global Coordinate System
Time: 1

06-03-2023 13:56

24442 Max
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-8.6058
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-92947
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Figure 58. Shear stress of Wells turbine of the material epoxy carbon woven pre-230.
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B: Static Structural
Strain Energy

Type: Strain Energy
Unit:m]

Time: 1
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Figure 59. Strain energy of Wells turbine of the material epoxy carbon woven pre-230.

B: Static Structural
Norrmal Stress

Type: Normal Stress(X Axis)
Unit: MPa

Global Coordinate System
Tirne: 1

06-03-2023 1354

373.77 Max
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24742
18424
12106
57.882
-2.2967
68475
13165
-194.83 Min
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Figure 60. Normal stress of Wells turbine of the material epoxy carbon woven pre-230.
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit MPa

Time: 1

06-03-2023 13553

482.23 Max
42866
37509
32151
267.94
21437

1608

107.22
53653
0.080446 Min

0.00 400,00 800.00 (mm)
I 2 .
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Figure 61. Equivalent stress of Wells turbine of the material epoxy carbon woven pre-230.

B: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit. mm/mm

Time: 1

06-03-2023 13:52

0.043411 Max
0.038589
0.033788
0.028%46
0024125
0.019303
0.014482
0.0096602
0.0048387
1.7144e-5 Min

0.00 40000 800,00 (mm)
I .

20000 500,00 Y

Figure 62. Equivalent elastic strain of Wells turbine of the material epoxy carbon woven pre-230.
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B: Static Structural
Total Deformation
Type: Total Deformation

Unit: mm
Time: 1

06-03-2023 1353
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66346
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Figure 63. Total deformation of Wells turbine of the material epoxy carbon woven pre-230.

The structural outcomes are carefully monitored, wherein the maximum and min-
imum induced regions are noted. The attained outcomes of maximum and minimum
occurred regions are exactly fulfilled with the theoretical concepts of structural physics. In
particular, the stress factors are reacted maximally at the fixed end, and so the deformation
is maximally reacted at the free end of the Wells turbine. Since the basic structural physics
is confirmed, the same computational structural analysis is extended for other lightweight
materials such as alloys, CFRP composites, and GFRP composites. The lightweight alloys-
based structural outcomes are computed, and so the comprehensive data are listed and

shown in Figures 64-70.

B-EPXY-E Ti ALLOY Mg ALLOY  STAINLESS STRUCTURALK 49 -EPOXY- GRAY CAST CU-ALLOY

STEEL

LIGHT WEIGHT MATERIALS

STEEL

E

IRON

Figure 64. Comprehensive outcomes of equivalent elastic strain for various lightweight alloys and

unique composites.
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Figure 65. Comprehensive outcomes of total deformation for various lightweight alloys and unique

composites.
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Figure 66. Comprehensive outcomes of stress intensity for various lightweight alloys and unique

composites.
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Figure 67. Comprehensive outcomes of strain energy for various lightweight alloys and unique

composites.
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Figure 68. Comprehensive outcomes of equivalent stress for various lightweight alloys and unique

composites.
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Figure 69. Comprehensive outcomes of normal stress for various lightweight alloys and unique
composites.

SHEAR STRESS (MPa)
[
o

LIGHT WEIGHT MATERIALS

Figure 70. Comprehensive outcomes of shear stress for various lightweight alloys and unique
composites.

Figure 64 shows the equivalent elastic strain results of all lightweight materials except
Kevlar-49-Epoxy because it has more equivalent elastic strain when compared to other
materials, which is shown in the above bar chart. The equivalent elastic strain obtained
from Kevlar-49-Epoxy is 0.055941 at the inlet velocity of 23 m/s.

Figure 65 depicts the total deformation results of all lightweight materials except
Kevlar-49-Epoxy because it is highly deformed when compared to other materials, which
is shown in the above bar chart. The total deformation obtained from Kevlar-49-Epoxy is
105.82 mm at the inlet velocity of 23 m/s.
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The stress intensity outcomes of all the lightweight alloys and few unique composites
are systematically revealed in Figure 66. With the consideration of low-stress-induced level,
the boron fiber and epoxy resin-associated composite performs well.

Figure 67 shows the strain energy results of all lightweight materials except Kevlar-
49-Epoxy because it has more strain energy when compared to other materials, which is
shown in the above graph. The strain energy obtained from Kevlar-49-Epoxy is 7402.7 m]
at the inlet velocity of 23 m/s.

The equivalent stress-, normal stress-, and shear stress-based structural outcomes are
computed for the shortlisted lightweight alloys and few unique composites. The respec-
tive comprehensive outcomes are revealed in Figures 68-70. Additionally, the deformed
magnitudes of the imposed lightweight materials based wells turbine are systematically
revealed in Figure 71. Since the load and supports are common for all the materials, the
low-reacting material is superior to provide a high lifetime. Henceforth, the boron fiber
and epoxy resin-associated composite reacts in a less effective manner, and so the same
lightweight material is chosen as the best material.

GFRP MATERIALS

Figure 71. Comprehensive outcomes of total deformation for various GFRP composites.

After the successful completion of first case of comprehensive structural studies, the
second comprehensive structural investigations are computed for various lightweight
GFRP composites. The imposed GFRP composites are E-GFRP-UD-, E-GFRP-Fabric-, E-
GFRP-UD-Polyester-, E-GFRP-Wet-, S-GFRP-UD-, and FR-4-GFRP-based composites and
their associates” productions. The comprehensive structural outcomes of the third case that
contains GFRP-based outcomes are revealed in Figures 72-77.
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Figure 72. Comprehensive outcomes of equivalent elastic strain for various GFRP composites.
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Figure 73. Comprehensive outcomes of equivalent stress for various GFRP composites.
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Figure 75. Comprehensive outcomes of strain energy for various GFRP composites.
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Figure 77. Comprehensive outcomes of shear stress for various GFRP composites.

From Figures 72-77, it is observed that the S-GFRP-UD-Epoxy-based composite reacts
in a less effective manner than the other GFRP composites. Henceforth, the same S-
GFRP-UD-Epoxy-based composite is chosen as the best performer. After the successful
completion of the second case of comprehensive structural studies on GFRP composites,
the third comprehensive structural investigations are computed for various lightweight
CFRP composites. The comprehensive structural outcomes of the third case that contains
CFRP-based outcomes are revealed in Figures 78-84.
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Figure 79. Comprehensive outcomes of equivalent elastic strain for various CFRP composites.
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Figure 80. Comprehensive outcomes of equivalent stress for various CFRP composites.
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Figure 81. Comprehensive outcomes of stress intensity for various CFRP composites.
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Figure 83. Comprehensive outcomes of normal stress for various CFRP composites.

Figures 78-84 depict the graphical representation of structural analyses of the Wells
turbine at the inlet velocity of 23 m/s (deep water velocity), which comprises total deforma-
tion, equivalent elastic strain, equivalent stress, stress intensity, strain energy, normal stress,
and shear stress with the respective CFRP materials. By comparing the above-shown CFRP
materials, T-300 epoxy- and GY-70 epoxy-based composites in particular performed better
than other materials. Since the load-resisting behavior of these shortlisted lightweight
materials is high, the reaction is generated in a less effective manner than other materials.
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Figure 84. Comprehensive outcomes of shear stress for various CFRP composites.

3.3. Estimation of Power from Energy Harvester

Important steps in this evaluation include picking and calculating PVEH patches.
Several common and hybrid materials were analyzed in ANSYS. In the first step, the
authors calculated the power of various materials. Then, the computations were carried out
in two stages: an intermediate power estimate and a final power estimate. Equation (12)
necessitates the first iteration of intermediate power extraction.

Hybrid Wells Turbine _ d12 w2i2 18+ Tpr Plwm (12)
Intermediate wm [(WL—WT) % (LPL)2 % ([tWT] + [TPL])ﬂ [1 +fx 5*(plwm>]

P

Hybrid Wells Turbine __ (;,Hybrid Wells Turbine ( (0.44  L)°  L(0.44  L)* i 5L2(0.44 + L)°  L2(044 * L)* L4(0.44 + L) 13)
Final - Intermediate 36 6 12 2 4 (

For the purpose of determining the power output of the PVEH patches, the previously
described mathematical procedures (Equations (12) and (13)) must be utilized. Table 10
provides a summary of the findings that were acquired through the utilization of a variety
of lightweight materials to harvest energy from the rotor span.

Table 10. Estimated energy outcome on 100% of the blade span.

Materials Energy Extracted (W) Materials Energy Extracted (W)
KFRP-49-UD 3375.524253 GFRP-E-Wn 1705.544864
CFRP-Wn-wet 3849.998201 GFRP-E-UD 2813.393605
CFRP-wet-UD 5148.895683 GFRP-E-wet 2250.131784
CFRP-UD-Pg 5294.984336 GFRP-5-UD 2960.020325
CFRP-Wn-Pg 3978.721358 GFRP-FR-4-Wn 1545.139361

Table 11 shows the total output power of CASE-1V for the inlet velocity of 12.10 m/s
using different lightweight materials by placing PVEH patches on the seven blades of the
Wells turbine.
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Table 11. All-inclusive forecast of the Wells turbine’s total output power from the hybrid energy

scheme.
Lightweight Energy Extracted Through PVEH Patches (W) CFD Resultant
Materials Blade-1 Blade-2 Blade-3 Blade-4 Blade-5 Blade-6 Blade-7 1210m/s ll){ enewable
ower (kW)
GFRP-E-Wn 1705 1705 1705 1705 1705 1705 1705 50.07429
CFRP-wet-UD 5148 5148 5148 5148 5148 5148 5148 74.17529
CFRP-UD-Pg 5295 5295 5295 5295 5295 5295 5295 75.20429
CFRP-Wn-Pg 3978 3978 3978 3978 3978 3978 3978 65.98529
CFRP-Wn-wet 3849 3849 3849 3849 3849 3849 3849 65.08229
GFRP-E-UD 2813 2813 2813 2813 2813 2813 2813 35,139.29 57.83029
GFRP-E-wet 2250 2250 2250 2250 2250 2250 2250 53.88929
GFRP-S-UD 2960 2960 2960 2960 2960 2960 2960 58.58929
GFRP-FR-4-Wn 1545 1545 1545 1545 1545 1545 1545 48.95429
KFRP-49-UD 3375 3375 3375 3375 3375 3375 3375 61.76429

4. Conclusions

From this analysis, seven different seven-bladed Wells turbines are designed. Then,
CFD analysis for seven different Wells turbine is performed with four different velocities
such as 0.34 m/s, 1.54 m/s, 12.10 m/s, and 23 m/s. Through CFD investigation, pressure,
velocity, force, and torque are obtained. Using the obtained torque, CASE-IV has a torque of
1729.2 Nm at 23 m/s, and CASE-VI has a torque of 2393.45 at 23 m/s, which are concluded
as the optimized Wells turbines. Then, CASE-1V is adopted for the comprehensive struc-
tural analyses. The computational structural analyses on the Wells turbine use different
lightweight alloys, CFRP, GFRP materials, and few unique composites. From the help of
comprehensive structural outcomes, the following observations are obtained: Boron Epoxy
is the strongest element because it shows the minimum deformation, stress, and strain
compared to other lightweight materials. Compared to CFRP materials, GY-70-Epoxy is
considered the strongest element as it has low deformation, stress, and strain. By compar-
ing the GFRP materials, S-Glass-Epoxy-UD is considered the strongest material because
it has low deformation, stress, and strain. The shortlisted lightweight materials are used
for the hybrid energy calculation. The PVEH-based hybrid energy extraction concept has
emerged and has been imposed in this work for various shortlisted lightweight materials.
The hydrodynamic medium-based energy extraction from the Wells turbine is listed in
Table 10. The hybrid energy concept-based important outcomes are listed in Table 11. From
Tables 10 and 11, CASE-VI is a potential case for the enhancement power from hydrody-
namic medium as compared to other cases. Finally, a suitable material for high-energy
extractions through a hybrid energy mechanism is also found.
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Nomenclatures
Design Variables  Explanations
C%}VT Chord length of blade in Wells turbine
Awells Turbine Frontal area of the Wells turbine
Tblade Radius of blade in the Wells turbine
Circumwelis Turbine ~ Circumference of the Wells turbine
T‘%\/T Thickness of blade in the Wells turbine
Thub Radius of hub in the Wells turbine
g Gravitational force
mwr Mass of the Wells turbine
Cwr Damping coefficient of the Wells turbine
Kwr Stiffness of the Wells turbine
F(t)Hydrodynamic Hydrodynamic forces acting on the Wells turbine
u Displacement
E‘}t]brﬁieg:?s Turbine ) termediate generated theoretical power from the Wells turbine
Pg-ﬁfld Wells Turbine Final generated theoretical power from the Wells turbine
diwm The piezoelectric material constant for PZT is 120.
w Force acting on the blade of the Wells turbine
f Natural frequency of the blade of the Wells turbine
WL _wr Width of the Wells turbine’s blade
Lpr, Length of the piezoelectric patches
twT Thickness of the Wells turbine’s blade
Tpr Thickness of the piezoelectric patches
€ Dielectric constant of the material
Plwm Density of the base light materials
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